Dispersed emission from single rovibronic quantum states in SI benzene is measured after Doppler-free two-photon excitation under low pressure conditions (0.3 Torr). This was made possible by a long-term stabilization ofthe single-mode dye laser yielding astability ofbetter than I MHzlh. The emission spectra of unperturbed rotationallevels in the 14 land the 14 1 1 1 vibronic states reveal a great number of detailed results on Duschinsky rotation and long-range Fermi resonances in the electronic ground state. By contrast, it is seen that the emission spectra from perturbed rovibronic states are contaminated by additional bands. The analysis of these bands leads in most cases to an identification of the coupled dark background state and the responsible rotation-vibration coupling process (H 42 resonances). The emission spectra clearly demonstrate that even for a density of states of 60 1/ cm -I, coupling in SI benzene is still selective and far from the statisticallimit. It is further demonstrated that the dark and the light states are more efficiently mixed by short-range couplings with coupling matrix elements of some GHz than by long-range Fermi resonances.
J. INTRODUCTION
One of the first indications of an intramolecular vibrational redistribution process (lVR) in large polyatomic molecules emerged from the observation of emission spectra under collision-free conditions. Experiments were performed on benzene, 1,2 para-difluorobenzene, 3 and naphthalene. 4 Dispersed emission spectra were measured after excitation of vibrational quantum states at different excess energies in theSI electronic state. While the emission spectra from low energy vibrational states reflected the identity of the excited state as expected, a striking result was found for vibrational states at high excess energy. A broad background (grass) appeared in the spectra. This was attributed to an energy redistribution process onto the numerous vibronic modes of the molecule which takes place after the initial excitation of the vibrational state. Since the resolution of excitation was limited to several 10 cm -I (Ref. I) in the early experiments it was not clear whether a pure vibrational state was prepared and to what degree hot band excitation contributed to the background. 4 Later on it has been shown by the application of cooled supersonic jet techniques that hot band excitation alone could not account for the observed background. 5 ,6 Despite the inherent problem of rather limited resolution emission spectra still present a very direct and visual picture of the coupling processes leading to IVR in large molecules. 7 ,8 From the emission spectra the existence of energy redistribution processes in large systems could be concluded. However, to leam about the mechanisms responsible for IVR, experiments were desirable which provided a high er precision in the selection of the initial state. In recent work we have shown that Doppler-free two-photon excitation with aresolution of 100 MHz or better enables one to selectively excite single quantum states even in large molecules the size of benzene. 9 Homogeneous linewidths 10 and decay times of single defined rovibrational quantum states 11 have been measured for the first time with this technique. Furthermore, the selective coupling of the excited light zeroorder state to a dark zero-order background state in SI was observed and the resulting quasieigenstates, split by several 100 MHz, were resolved in the high-resolution spectra. 12 All experimental results revealed a distinct J,K dependence of the linewidths, lifetimes, and splittings and indicated that vibration-rotation coupling plays a dominant role in the process leading to IVR in benzene. The precision and selectivity of the Doppler-free high resolution excitation on the one hand and the perspicuity of dispersed emission spectroscopy on the other hand suggest to combine both techniques. In this work we will show that indeed this combination is possible. We will present the first example of dispersed emission spectra originating from single rovibronic quantum states in a large polyatomic system. It will be shown that the nature of the coupled dark background states can be directly elucidated by these experiments. More important, it is seen, that within one vibronic state oflow excess energy, different rotational states are coupled to different background states. As a consequence, the character of the emission spectrum can change drastically when the excitation energy is changed by only 0.01 cm-I within the rotational contour of a vibronic band. These short-range couplings giving rise to local perturbations within the vibronic band are thought to be responsible for dynamic IVR at higher excess energies. Experimental results are reported for various rotational states in the 14 1 and 14 1 1 1 vibronic states ofbenzene, C 6 H 6 and C 6 D 6 •
EXPERIMENTAL
The scheme of the experimental setup is shown in Fig. I . It consists of a tunable cw ring dye laser (Coherent CR 699) ± 1 MHz in order to stand just on the top of the selected sharp two-photon line [:::: 7 MHz full width at half maximum (FWHM)] and to guarantee constant excitation conditions for different parts of the emission spectrum. A longterm stabilization was developed to meet these experimental demands. Its details are described elsewhere.
14 Briefly, it consists of a home-built, highly stable, evacuated, and temperature-controlled Zerodure interferometer which provides frequency standards at every 150 MHz. The laser frequency is locked to one ofthese standards, but in addition, it can be tuned over a range of about 200 MHz with an acoustooptic modulator. In this way the laser frequency can be tuned to any selected two-photon line and be kept there with astability of < 1 MHzlh. The photons monitored by the photomultiplier are counted and the signal is transferred to a minicomputer (Force 2P5). Part of the undispersed total UV emission is monitored with a second photomultiplier. In this way long-term changes in the laser power and/or laser frequency can be detected.
RESUL TS AND DISCUSSION
A. Doppler-free two-photon spectrum of the 14~ band
Recently the rotational lines of the 14b two-photon band in benzene, C 6 H 6 , have been completely resolved. More than 3000 individuallines have been assigned and the rotational and quartic centrifugal distortion constants ofthe band were determined with high accuracy. 15, 16 Severallocalized perturbations were analyzed in the rotational contour l6 and it was found that the decay time of the perturbed states is considerably shorter than the decay time ofthe unperturbed states. II A similar analysis has been performed for perdeuterated benzene, C 6 D 6 • In Fig. 2 part of the Q branch of the 14b band in C 6 H 6 is shown. Several of the rotationallines are marked by an arrow and the final state assignment of the corresponding transition is given. For these states, emission spectra have been measured. Final states indicated by a and bare the quasieigenstates resulting from a coupling process ofthe light zeroorder state to a dark background state. Their positions were found to be shifted from the calculated position ofthe corresponding zero-order state. The analysis of the residuals yields the avoided crossings curves shown in Fig. 3 . The high resolution of Doppler-free two-photon excitation and the good signal-to-noise ratio makes possible the identification of very low intensity perturbed lines. As a result, the observation ofboth quasieigenstates resulting from the mixing of the zero-order states is possible for a wide range of J values around the crossing point (see Fig. 3 ). From the exact position of the eigenstates the coupling matrix element of each pair can be determined as a function of J and constant K quantum numbers.
The information on the coupling process between light and dark zero-order states discussed so far has been found from an analysis of line positions in the two-photon excitation spectrum. The unperturbed and perturbed character and the identity of the coupled background states will now be investigated from the dispersed emission of selected states.
B. Emission spectra from single rotational states in the 14 1 state 1. Unperturbed states Emission spectra were first measured for unperturbed rotational states in the 14 1 vibronic state ofC 6 H 6 and C 6 D 6 at a vibrational excess energy of 1571 and 1567 ern-I, respectively. The laser frequency was scanned to the maximum of the selected individual two-photon line and locked to this frequency by the technique described in Sec. 11. Then the emission spectrum was measured.
a. 9 9 state in C 6 H 6 • In Fig. 4 the UV emission spectrum resulting from the 14 of the spectrum marked by an asterisk results from stray light ofthe exciting visible light (19 828 cm-I ) which gives rise to a peak at the apparent frequency of 39 652 cm -I. This is due to the fact that the visible light is observed in the first order of the grating, while the UV emission is seen in the second order. The peak serves for absolute calibration ofthe frequency scale to aprecision of better than 10 cm -I. The emission spectrum consists of three strong peaks and several additional small features. It is weIl separated from the stray light peak since the absorption mechanism (two-photon) is different from the emission process (one-photon) and the inducing modes V l4 ofthe two-photon-absorption and v 6 0f the one-photon-emission differ strongly in frequency.
(i) The dominant features are readily assigned as the expected 14: 6~ 1~ progression bands. 17 The appearance of one quantum of v 6 in the final state is necessary to induce the one-photon emission from the SI' intensity ratio of the four v I progressions observed is elose to that found for emission spectra from the 0° state.
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(ii) Most ofthe small peaks in the spectrum are due to other inducing vibrations for the one-photon emission. This is analogous to the additional bands in the emission spectrum from the 0° level observed by Parmenter and coworkers. 1 , 19 Both the 0° level as weIl as the 14 1 level do not contain a one-photon inducing mode and thus the one-photon emission has to be induced by suitable vibrations. The resulting transitions which are observed in the spectrum of Fig. 4 trum mark the expected transition frequencies of these bands when calculated from the harmonie vibrational frequencies. 20 It is seen that they agree weIl with the experimentally observed peak positions and it is further seen that nearly all peaks, even in the somewhat congested range of the spectrum below 37 000 cm -I , can be assigned. (iii) The two distinct peaks to the blue of the dominant 14: 6~ band need a more detailed discussion. They are not present in the emission spectrum from the 0° level in Refs. 1 and 19. Obviously, they are typical for the additional V l4 vibration in both the excited and the ground state ofthe onephoton emission band. The peak 74 cm -I to the blue of the 14: 6~ band can be assigned on the basis of our previous hot band two-photon spectra. 21 In these spectra a surprisingly strong 16°110°1 band was observed. We concluded that it gains its intensity from long-range anharmonic coupling of the 10 1 16 1 state (1245 cm -I) to the 14 1 state (1309 cm -I) (FG) rather than by second-order Herzberg-Teller coupling of the two-photon transition. This previous conclusion is confirmed by the appearance of the 14~ 1 O~ 16~ 6~ emission band in Fig. 4 . From the two-photon hot band spectrum it is known that there is a frequency shift of 18 cm -I of the 10 1 16 1 6 1 state which was supposed to be due to the Fermi resonance. In Fig. 4 the transition frequency to an unperturbed 16 1 10 1 state is marked by asolid verticalline. It is somewhat offfrom the observed peak position. Only, ifwe take into account the measured frequency shift of the 1 O~ 16~ two-photon transition, perfect agreement with the measured transition frequency is found.
The peak 158 cm -I to the red of the 14: 6~ band is assigned as the 14~ 15~6? transition. It is due to a Duschinsky rotation (D) ofthe normal coordinate surfaces ofthe excited SI and the ground So electronic state. This Duschinsky rotation was first concluded from intensity anomalies in the twophoton cold band and hot band spectrum of our previous work. 21 It c~n be described by (1) where Jij are the elements of the Duschinsky matrix J and the Q 's are the respective normal coordinates. The ratio of the intensities ofthe 14: 6? and 14~ 15?6? bands is given as I(14~15?6?) I( 14: 6?) (2) frequeney.25 The transition frequeney for the resulting IS: 9: 6? transition is 37591 em-I and in perfeet agreement with the peak marked by FE in Fig. 5 . A further eonfirmation of this assignment is given by eomparison with C 6 H 6 . There, no excited state long-range Fermi resonanee is observed. Due to the small deuterium isotope effeet ofthe 14 1 state (C 6 H 6 :1571 em-I , C 6 D 6 :1567 em-I ) on the one hand and the much stronger isotope effects in the IS 1 9 1 state, the energy differenceofthe 14 1 and the IS I 9 1 state in C 6 H 6 is 679 em -I. Furthermore, it is found for C 6 H 6 that there are no other combination states of b 2u symmetry with two vibrational quanta within ± 100 cm-I from the 14 1 state. The only background state which may give rise to a long-range Fermi resonance is present in C 6 D 6 and is indeed detected and seen by the emission spectroscopy.
Rotationally resolved emission spectra
In the preceding subsection the vibrational character of the bands in the emission spectrum has been discussed. Now, we would like to identify the rotational structure of the emission bands. This is expected to be possible under the exeitation conditions ofthe Doppler-free experiment leading to the excitation of defined single rotational states. For this reason the emission spectrum generally should consist of six lines 
The implied assumption of C = B /2 is certainly valid for the accuracy ofthe emission spectra discussed. The rotational energy ofthe degenerate So vibrational state [Eq. (4) ] contains the additional Coriolis term which depends on the vibrational angular momentum component denoted by the I " quantum number and the Coriolis coupling constant S " .
According to Callomon et al. 26 only transitions with
.K are allowed and therefore the ehange in rotational energy can be directly calculated for all six possible lines from Eqs. (3) and ( 4 ). The relative intensities of these lines are determined by the Hönl-London faetors. 27 It is found, that within a good approximation the intensities ofrR and P P lines are equal as weIl as forP Rand rp, and rQ and P Q lines, respectively. These resuIts allow us to discuss two limiting cases of the inftuenee of the rotational structure on the emission bands.
(i) If the rotational strueture is not resolved, the position of the maximum of the band will coincide closely with the center of gravity of all six lines and may show a displacement from the rotationless position given by the vibronic frequencies alone. To calculate the center of gravity, the mentioned equality of the intensities of pairs of lines is used and the average of the change of rotational energy for each pair calculated:
The three expressions [Eqs. (5)- (7)] differ only by the termB" (s" ± !) from thechangeinrotational energy ofthe q Q transition of the Doppler-free excitation. Since IB" (s" ± !) I< 0.3 cm -I, a shift ofthe emission band from the rotationless origin by nearly the same amount as the displacement ofthe Doppler-free excitation line from the rotationless origin of the excitation band is expected. This displacement is nearly independent of S ".
(ii) For J' = K' statesonlythe rR andPP lines willcarry significant intensity. Their splitting is given by
This splitting depends linearly on J' = K' and is strongly dependent on the value of s" whieh differs for different vibrational states.
To test these predictions emission spectra were reeorded with increased spectral resolution. In Fig. 6 the emission spectrum from the J!C = 33 33 state is shown under varying resolution ofthe dispersing monochromator. Under a resolution of!:J..v = 20 cm -I the vibrational structure ofthe emission spectrum, which is only partially resolved und er 50 cm -1 resolution, is completely resolved. It resembles the structure of the 9 9 state emission spectrum discussed in the preceding subsection. Thus, it is apparent that the 33 33 state in 14 1 is unperturbed. The additional features in the emission spectrum result from Duschinsky rotation and Fermi resonances in the ground electronic state (see above).
We would like to emphasize that on the blue side of the 14: 6? transition a ftat base line is observed with no noise on it. Apparently, there is no stray light present in the spectrum. Hence, it is concluded, that the irregular peak structure in the red part of the emission spectra represents areal struc-ture rather than noise or stray light. This will be shown to be important for the discussion of the emission spectra of the 14)1) state at higher excess energy.
At the bottom ofFig. 6 the two strong peaks 14: 6~ and 14: 6~ 1 ~ are shown under an increased resolution of Av = 5 cm -1. It is clearly seen that additional structure is resolved. Two peaks separated by 21 cm -) are observed in the 14: 6~ emission band and three peaks in the 14: 6~ 1~ band. First, the splitting according to Bq. (8) was calculated for the 14l6~ band. The value of {; It for the 14)6 1 state is not known, but it is expected to be nearly equal to (;6" = 0.575 known from previous work ofHollinger and Welsh. 28 The value of B " was taken equal to the value of B ~ determined by Pliva and Johns?9 This leads to a calculated splitting of 20.1 cm -) , in perfect agreement with the observed splitting. This means, that the two sharp peaks observed under 5 cm-) resolution are indeed the transitions to the J K" = 32 32 and J K' = 34 34 rotational states.
The situation in the emission structure around 36750 cm -) is somewhat more complicated. There are three peaks observed, wbile only two (r Rand P P) lines would be expected. However, it has to be taken into account that there is a well-known Fermi resonance between the 6)1) and the 8) state with a coupling matrix element of 9 cm - safely be assumed l7 that a similarly strong coupling exists between the states 14)6)1) and 14.8). We calculated the energies of the eigenstates in analogy to the Fermi dyad rotational states like the J;;'. = 9 9 state. For excited states with K' strongly differing from J' the rotational structure cannot as easily be resolved, but instead is seen as a broadening ofthe observed band. This is demonstrated for J ;;.. = 46 9
in Fig. 7(d) .
Perturbed states
The analysis of rotationalline positions in the 14~ band of C 6 H 6 led to the avoided crossings shown in Fig. 3 . Emission spectra were measured for several perturbed states 10-cated near the crossing point of the term curves.
a. 21 17 and 22 17 states. In Fig. 8 the emission spectra of the J;;'. = 18 8 and the (21 17 ) astate are shown for comparison. Both spectra were recorded at aresolution of 50 cm -1. The corresponding two-photon excitation lines are only separated by less than 1 GHz (see the left-hand side ofFig. 8).
From the analysis of the line positions the 18 8 state was found to be unperturbed, whereas the (21 17 ) a line was found to be strongly perturbed and shifted by 0.42 GHz from the position calculated from the semirigid Hamiltonian with the constants of our recent work. 12,15 The unperturbed vs perturbed character of the 18 8 and the (21 17 ) astate is fully corroborated by the emission spectra. The emission spectrum oftheJ;;'. = 18 8 state atthe bottom ofFig. 8 is identical with the spectrum of the J ;;.. = 9 9 state shown in Fig. 4 .
It is thus typical for an unperturbed state. The emission spectrum from the (21 17 )a state, however, shows additional features between the main 14: 6~ 1~ progression bands which are not present in the spectrum of unperturbed states. It is interesting to note that emission spectra are seen to vary strongly within a few GHz of the rotational contour of the excitation spectrum. Emission spectra taken with Dopplerlimited resolution of the excitation would be the superposition of differing emission spectra resulting from the various states simultaneously excited. The (21 17 ) astate is one eigenstate resulting from the coupling of the light 21 17 state with a still unknown dark background state which is in accidental resonance. The other eigenstate (21 17 )b gives rise to a second line in the twophoton excitation spectrum which is located between the transitions leading to the unperturbed 19 11 and 18 7 states (see the left-hand side of Figs. 8 and 9 ). The (21 17 ) b line is somewhat smaller than the (21 17 ) a line since it is not exact1y at the crossing point of the term curves and contains more character of the dark background state than of the light 21 17 state. This is nicely confirmed by the emission spectra of both components shown in Fig. 9 . It is seen that in both spectra the additional band system appears which is characteristic of the dark state mixed in. In the emission spectrum ofthe (21 17 ) b component the relative intensity of the additional band system is somewhat higher than in the (21 17 ) a spectrum. This is in line with the increased dark character of this component.
The additional band system appearing in the emission spectra of the perturbed states is a fingerprint of the dark zero-order state mixed in. It is now used to identify the coupled dark background state. In Fig. 10 the emission spectrum of the J;;'. = (22 17 ) astate is presented. As the 22 17 state is further apart from the crossing point of the term curves than is the 21 17 state (see Fig. 3 ), the (22 17 ) a component contains an even stronger additional band system which is used for analysis ofthe dark state. All possible combination states with ungerade parity in the range 1571 ± 50 cm -1 were calculated in harmonie approximation. The range of ± 50 cm -1 was chosen since it is not expected that combination states which are apart more than 50 cm -1 in harmonie approximation for J',K' = 27 Two emission band systems 6i 11: 1 ~ and 6~ 11: 1 ~ are expected for this state and indeed two band systems are observed in Fig. 10 . The position and intensity of the two band systems, however, need a detailed discussion.
(i) 6~ 11: : The expected transition frequency coincides almost exactly with the stronger red peak in the emission spectrum.
(ii) 6i 11:: The origin of this band system should be located at 38362 cm -I. No indication ofa peak is seen there. Instead, the 6i 11: 1 ~ band forms the origin of this system. This is similar to the 6i system ofRef. 19 and may originate from the small Franck-Condon factor of the 6i 11: transition. In addition, there is a striking red shift of 70 cm -I of the measured peak and the expected transition frequency (see dashed line in Fig. 10) . A reasonable explanation for this red shift might be given by a Fermi resonance of the 6 1 11 1 1 1 state with the 8 1 11 1 state. This would be similar to the Fermi resonance ofthe 14 1 6 1 1 1 and the 14 1 8 1 state (see Fig. 6 ) and could lead to arepulsion of both states and the observed frequency shift. However, the frequency shift ofthe 6 1 11 1 1 1 state is 70 cm -1 and therefore a factor of 6 larger than the frequency shift observed for the 14 1 6 1 1 1 transition. The confirmation of large anharmonic couplings like this should be the subject of forthcoming theoretical investigations.
Another possible explanation of the peak assigned as 6i 11: 1 ~ can be deduced from very recent results of Page et al. 33 They deduced a value for the frequency of vi from IR-UV double resonance spectra of combination states which differs by 104 cm -I from the value predieted by the calculation of Robey and Schlag. 34 Fig. 11 the emission spectraofthetwoeigenstatesJ~, = (46 9 )a and (35 1S )a are presented. The residuals of Fig. 3 indicate that both state positions are shifted from the position of the zero-order states and thus both states are coupled to dark background states. It is seen that again additional band systems appear in the emission spectrum which are identieal to those shown above in Fig. 10 . It is thus clear that these perturbations are caused by the same background states (6 2 11 1 and/or 3 1 16 1 ).
Obviously several crossings of the term curves of these states and the 14 1 state occur for different J ' ,K ' levels.
c. 25 9 state. For the K' = 9 states a second crossing is observed whieh is located at a relatively low J level (21 < J' < 33; see Fig. 3 ). The emission spectrum of the (25 9 )a component is shown in Fig. 12 . In addition to the band system resulting from the light 14 1 state another system is recognized which differs, however, from the already known additional band system in Figs. 10 and 11. The additional peak at 36 816 cm -I is not far from the 14: 6~ 1~ transition. It can be readily and unambiguously assigned as the 5: 10: 16: 6~ transition. This transition is due to the coupling ofthe 14 1 state to the 5 1 10 1 16 1 state whieh is one ofthe 13 ungerade combination states within the interval 1571 ± 50 cm -I. It is located -7 cm -I from the 14 1 state in harmonie approximation and contains vibrational angular momentum components of alu' a 2u ' and e 2u symmetry. Since no quantum of v 6 is part of the combination state only one emission band system is expected and indeed observed. shifted by 0.5 GHz from the zero-order position. This is a strong indication for the perturbed character ofthis line. For confirmation the emission spectrum from the (29 29 ) astate was measured and is displayed in Fig. 13 . A comparison with the emission spectrum from the unperturbed 21 17 state (see Fig. 5 ) shows that the spectrum in Fig. 13 is contaminated by two additional bands with peak positions at 37 499 and 37295 cm-I. For identification the procedure described in Sec. I was applied. Due to its lower vibrational frequencies the density of states in C 6 D 6 is by a factor of 3-4 higher than in C 6 H 6 and 47 ungerade states are located in the chosen frequency interval 1567 ± 50 cm -I. However, in this range there exists only one state which leads to emission bands whose transition frequencies agree with the experimental ones within the experimental accuracy of ± 10 cm -I. This is the4 I 6 I 18 I statewhich is located at 1568 cm-I in harmonic approximation. due to a higher order vibration-rotation coupling. The mixing is quite effective. For states at the crossing point a 50:50 mixture of the light and the dark states is evident from the emission spectra.
The situation is somewhat different in C 6 D 6 . Even for rotationallines which do not show a shift from the expected position emission spectroscopy reveals a contamination by a combination state of two vibrational quanta. As this contamination is present for many nonshifted lines it is concluded that long-range anharmonic coupling is responsible for the mixing and leads to an homogenous shift of a11 rotational lines. This is not detected in the analysis of the rotationalline positions. Due to the isotopic shift ofthe vibrational frequencies the long-range anharmonic coupling to this state is not present in C 6 H 6 • In addition, from emission spectroscopy we learn that vibration-rotation coupling by H 42 resonances causes rotational perturbations in C 6 D 6 • These short-range couplings lead to a much stronger and more effective mixing of the light and the dark zero-order states than the longrange Fermi resonances. This is clearly demonstrated by the appearance of strong additional bands in the emission spectra. was not found to be shifted from the zero-order position within the rotational contour. Hence, this line does not displaya rotational perturbation. Most of the features in Fig. 14 are identical with those of the emission spectrum from unperturbed rotational states in the 14 1 state. In addition, two band systems appear with peaks at 37318 and 36 974 cm -I, respectively. These band systems are also found for other unperturbed states (e.g., 22 17 ), Thus, it is argued that they are produced by a long-range Fermi resonance in the excited state. It has been shown in our previous work 21 that the 14 1 1 1 state in C 6 H 6 is coupled to the 14 1 16 1 17 1 state by long range anharmonic coupling. This gives rise to a "shadow" progression in the two-photon excitation spectrum. A similar situation arises for C 6 D 6 , where long-range anharmonic interaction of the 14 1 state, which is 237 cm-I apart, can lead to an observable contamination in the emission spectrum. The emission spectrum shown in Fig. 14 is a direct corroboration of our previous assignment ofthe "shadow" progressions and demonstrates its sensitivity for detection of mixing of states. The Franck-Condon factors ofthe 14: 671~ progression band are found to be different from those ofthe 14: 671~ progression shown in Fig. 4 . This is similar to what has been found by Knight et al. 19 for the 66 1 ~ and 66 1 ~ progression bands. By contrast, the Franck-Condon factors ofthe band system resulting from the coupled 14 1 16 1 17 1 state resemble those of the 14: 671~ band system in Fig. 4 , since there is no VI vibration present in the excited state.
In Fig. 14 a background in the emission spectrum is observed, which increases for decreasing transition frequencies and displays a maximum at 36 200 cm -I. Its integrated area is 0.8 of the integrated area of all sharp peaks in the emission spectrum. We would like to emphasize again that the emission spectrum in Fig. 14 was measured after excitation of a single defined two-photon line, i.e., of a defined rovibronic state ofthe molecule. Thus, the background cannot be the result of a hot band congestion or of an incoherent simultaneous excitation of several levels whose emission bands may overlap. The origin of the background in our measurements will be discussed in more detail below.
b. 18 18 state in C 6 D 6 • In Fig. 15 the emission spectrum from the 18 18 state in the 14 1 1 1 vibronic state of C 6 D 6 is shown. Recently, we found that the 14616 band in C 6 D 6 is strongly perturbed. 15 This was demonstrated by the statistical analysis ofline intensities. Only the J I = K I lines, which are the strongest lines in the Q branch of the 146 16 band, could be assigned since their position is not affected by a coupling process. Most ofthe features in the spectrum ofFig. 15 are identical to those shown in Fig. 5 sumed to lead to the "shadow" progression bands in the twophoton excitation spectrum in our previous work.
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From the emission spectra of the 14 1 1 1 states in C 6 H 6 and C 6 D 6 it is seen that both states are only weakly contaminated by long-range coupling. In both emission spectra (Figs. 14 and 15) there is a background, which is peaked around 36 000 cm -I.
Perturbed ststes in C.H. snd C.D.
In our recent work l2 we analyzed a rotational perturbation in the Doppler-free rotational line spectrum of the 14616 band of C 6 H 6 • Nonzero residuals were found for K I = 3 lines in the range 10 < J I < 23 with an approximate crossing point of the term curves at J I = 16. The emission spectrum from the (16 3 ) b eigenstate is shown in Fig. 16 . Comparison ofFig. 16 with the emission spectrum from an unperturbed state in Fig. 14 reveals that the emission spectrum is contaminated by a strong sharp additional band system, marked by X, with its origin at 38 217 cm -I. In order to analyze the coupled dark state which gives rise to the addi- tional band system a11 harmonie combination states in the vicinity of the 14 1 1 1 state together with the resulting emission frequencies were considered. The excess energy of the 14 1 1 1 stateis 2493 ern-I. Asaconsequenceofthehigh excess energy of this state the density of states is now 18 1/ cm -I. 129 ungerade combination states were found in the frequency interval 2493 ± 50 cm -I according to the harmonie calculation. 20 No agreement of any of the resulting transition frequencies with the measured ones was found within the experimental accuracy. Hence, we are not able to unambiguously identify the coupled state on the basis of the used frequencies. 20 There are, however, several arguments which lead to an approximative description of the coupled state.
(i) The band origin is close to the origin ofthe 14: 6~ I! progression band. From this it is clear that the combination state cannot include a great number of vibrational quanta. A great number of vibrational quanta would lead to a strong red shift of the origin as vibrational frequencies generally increase in the ground state. Here, it has been assumed that Franck-Condon factors are largest for emission to a final state with equal number of vibrational quanta.
(ii) The Franck-Condon factors for the X band system are identieal to those ofthe 14: 1!6~ band system and thus typieal for emission from an excited state including one quantum of vi. This conclusion is in complete agreement with the sma11 red shift observed for the additional band system. Here, the Franck-Condon factor for emission is largest ifthe VI quantum is not excited in the ground state. This leads to a high transition frequency which is indeed observed in the experiment. Even though the unambiguous assignment of the coupled dark state is not straightforward for the 14 1 1 1 state at 2493 ern-I excess energy it is without doubt that there still exists a highly selective coupling at this high excess energy with high density of background states (18 1/ cm -I ). The emission spectrum displays distinct features which can only be explained by a coupling between pairs of states. In addition to this selective coupling the spectrum in Fig. 16 displays a broad background with maximum at 36 200 cm -I. The integrated area of this background is a factor of 1.05 of the integrated area of a11 sharp peaks in the spectrum. Before we sha11 discuss the origin of this background we would like to briefly report on results for C 6 D 6 • In Fig. 17 the emission spectrum from a perturbed rotational state in the 14 1 1 1 state of C 6 D 6 is shown. This rotational state cannot be assigned because of the perturbed character ofthe rotationalline structure ofthe 14~ 1~ band. 15 It is located at -44 GHz to the red of the rotationless origin. In addition to the 14: 6~ I! band system due to the light 14 1 1 1 character of this state another even stronger band system (Y) appears. Because ofthe high density ofbackground states (60 1/ cm -I) it is not possible to unambiguously identify the coupled background state on the basis of the observed transition frequency. We measured the emission spectra from four other perturbed states which are located between 40 and 60 GHz to the red of the rotationless origin of the 14~ 1~ band. All emission spectra display the same additional bands (Y), however, with varying intensity. From this we may conclude that most ofthe rotational states in the 14 1 1 1 state are perturbed by selective coupling to only one dark background state. The degree of coupling va ries strongly from one rotational state to another and results in the strongly perturbed character ofthe rotational contour of this band. Most likely, this random coupling is responsible for the line intensity distribution of this band discussed in our recent work.
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The origin of the additional band system (Y) is about 1200 cm-I to the red ofthe 14: 6~ 1~ origin. This is different from the situation in the 14 1 1 1 state of C 6 H 6 (see Fig. 16 ) where the red shift is only about 450 cm -I. In addition, the Franck-Condon behavior ofthe progressions ofthe Yband differs from that of the X band in C 6 H 6 • From both points we conclude that the coupled dark background state does not contain a quantum of the VI vibration. For this reason the observed resonance is present only in the 14 1 1 1 state but does not exist in the 14 1 fundamental state. This explains why the 14~ 1~ band in C 6 D 6 is so strongly perturbed, whereas the 14~ band is not. A possible candidate for the dark background state which perturbs so efficiently the 14~ 1~ band in C 6 D 6 might be the 15 3 state of b 2u symmetry which is located only 4 cm -I from the 14 1 1 1 state in the harmonie approximation. Thetransition frequency ofthe 15~ 6~ band is 37680 cm -1. This is shifted by 60 cm -I from the band in the emission spectrum (see Fig. 17 ). This discrepancy is not the un-certainty of the experiment, so that only a tentative assignment can be given. The shift might be produced by anharmonicities.
The origin of the background
In the preceding subsection we have shown that the intrastate coupling is still highly selective in C 6 H 6 and C 6 D 6 at an excess energy of more than 2400 cm -I with a density of states of 18 and 60 l!cm-I , respectively. However, in addition to this selective coupling a background was observed, which appears to be smaller in the emission spectrum from the 14 1 state. The question is whether this background is produced by frequent intrastate coupling. In previous work the appearance of a background was interpreted as an indication for the presence ofIVR. [1] [2] [3] In this experiment, which guarantees precise excitation conditions we have shown, that for an excess energy, which leads to the appearance of a background at the same time selective coupling for distinct states is observed.
(i) It is not straightforward to interpret the background in our emission spectra as the result of a coupling process in the statisticallimit or at least to many states due to the following arguments. The spectral resolution in the emission spectra from the 14 1 1 1 state is better than 50 cm -I • In order to produce an unresolved broad background the different emission bands should be located at an average distance of 50 cm -I. Every emission band would be expected to displaya progression band every 993 cm -I (946 cm -I) in C 6 H 6 (C 6 D 6 ). From that, it is clear, that at least 20 emission bands should be located within 993 cm -land thus a coupling to more than 20 states should occur. Frequent couplings like this cannot be explained on the basis of the low density of background states which is 18 l!cm-1 for C 6 H 6 and 60 l!cm-1 for C 6 D 6 and the small coupling matrix elements expected for the higher order coupling processes which would be responsible for the frequent couplings. We have explicitly shown by a detailed spectral analysis for C 6 H 6 that couplings with coupling matrix elements around 1 GHz still lead to selective coupling between pairs of states. Hence, for the low density of states, it is very unlikely, that a defined rovibrational state can be coupled to 20 states if at the same time this state is selectively coupled to a single dark state by a coupling matrix element of some GHz. This is further corroborated by the high-resolution Doppler-free two-photon excitation spectra presented in our previous work.
•
15 Coupling to many states would result in additionallines in the excitation spectrum as the light character of the 14 1 1 1 state would be distributed on many resulting eigenstates. No additionallines are observed in the Doppler-free two-photon excitation spectrum even for the very high resolution in the order of 10 MHz. In addition, no line broadening in excess of 5 MHz was found. These experimental results would only permit a frequent coupling with coupling matrix elements of less than 10 MHz. It is, however, not clear, how frequent couplings with matrix elements in the order of 10 MHz can occur if the average spacing of dark background states is more than 1 GHz. From this it is very unlikely that the observed background is due to IVR in the excited state.
(ii) In order to explain the origin of the background another effect has to be taken into account. This is emission from states originally not excited by the laser light but populated by collisions. After several collisions, emission from the thermalized SI state occurs. In a separate experiment we have checked the amount of ftuorescence after collisional deactivation and from the thermalized SI level. It was found that the maximum of the emission from the thermalized SI level is located around 36 000 cm -I in C 6 H 6 • This corresponds to the 6? I? band and several sequence bands. It was further found that for apressure of 2.5 Torr the integrated emission from the originally populated 14 1 , J 1.:, , level (resonant emission) is 0.2 ofthe integrated area ofthe nonresonant emission after collisional depopulation of the originally excited level. The measurements ofthis work have been performed at apressure of about 0.25 Torr. For this pressure the ratio of resonant ftuorescence and nonresonant emission is estimated to be 2.6. This is in very good agreement with the experimental result shown in Fig. 4 . There, the integrated area ofthe sharp resonant emission is found to be 2.6 ofthe area of the background from nonresonant emission. The situation is somewhat different for the 14 1 1 1 , JI.:" levels. Firstly, the quantum yield for ftuorescence is decreased by 40% (Ref. 36) due to the higher excess energy, whereas that of the states populated by collisions at lower excess energy may not. Secondly, additional bands due to long-range coupling appear, which may overlap and contribute to the unresolved background around 36 000 cm -I. As a consequence, relative intensity of the nonresonant emission increases. Hence, the increase of a factor of 2 in the unresolved background observed for the 14 1 1 1 state as compared to the 14 1 state can be qualitatively explained by nonresonant emission. In summary, it seems more likely that the observed background in the emission spectra from the 14 1 1 1 level results from nonresonant emission rather than from an IVR process in the excited state.
IV. SUMMARY AND CONCLUSION
In this work we presented emission spectra from several defined rovibronic states at different excess energies in benzene. The combination ofDoppler-free two-photon absorption and a long-term frequency stabilization of the exciting single-mode dye laser enabled us to selectively excite defined quantum states and to measure the dispersed emission spectra from these states. Emission spectra reveal a great number of detailed results on Duschinsky rotation and Fermi resonances in the ground state.
For a low excess energyof1571 cm-I it is seen thatmost of the rotational states in the 14 1 vibronic state of C 6 H 6 are "pure" states, i.e., no additional vibrational character due to a long-range anharmonic coupling is mixed in. Some of the investigated states have been identified as perturbed ones from the analysis of the line positions in the Doppler-free two-photon excitation spectrum. Emission spectra from these states clearly demonstrate that additional vibrational character from a dark background state is mixed in by selective coupling between pairs of states and leads to localized perturbations ofthe rovibronic band by dark states. The coupled background states were identified on the basis of the typical emission bands. They are combination states including three vibrational quanta. The mechanism responsible for the mixing of states is a H 42 resonance due to high-order rotation-vibration interaction. For states near the crossing point ofthe term curves a very efficient (50:50) mixing of the light and the dark state is found. Basically the same result is present in the 14 1 state in C 6 D 6 even though there is a negligible contamination ( < 10%) of all rotational states by a long-range anharmonic coupling. In addition, very efficient mixing is detected for several states due to short-range high-order rotation-vibration interaction.
In the 14 1 1 1 vibronic state at a higher excess energy of 2493 cm -I in C 6 H 6 and 2445 cm -I in C 6 D 6 all rotational states are moderately contaminated due to long-range anharmonic interaction. The density of states at this excess energy has increased to 18 1/ cm -land 60 1/ cm -I in C 6 H 6 and C 6 D 6 , respectively. For this reason it might be argued that frequent couplings to several background states can occur. Emission spectra clearly demonstrate that even for a total density of states of 60 1/ cm -I the coupling is very selective and occurs between pairs of states. This is deduced from the appearance of sharp additional peaks in the emission spectrum after excitation of rotationallines which have been found to be strongly perturbed in the Doppler-free twophoton excitation spectrum.
•
15 Even under sharp excitation conditions and only selective couplings present some broad band background is observed in the emission spectra. This simultaneously observed background is believed to be due to nonresonant fluorescence from states populated by collisions rather than to a coupling of many states or to a coupling in the statistical limit. With this result in mind it appears to be questionable, whether a background appearing in emission spectra can always be interpreted as caused by IVR.
The spectroscopic reSUltS of this work yield basic information for the understanding of the intramolecular-vibrational redistribution process (IVR).
(i) Short-range couplings lead to a more effective mixing of light and dark states in SI than is observed for longrange Fermi resonances.
(ii) High-order rotation-vibration interaction is an important mechanism for the mixing of states.
(iii) Even for densities of states as high as 60 1/cm-1 coupling is found to be very selective and leads to the interaction of pairs of states. In view ofthese results it is conc1uded that dynamic IVR due to coupling within a single electronic potential surface is possible only for much higher density of states present only at even higher excess energies. In SI benzene the sufficient density of states would be reached not below 4000 cm -I of vibrational excess energy. This conclusion is in good agreement with recent results from chemical timing experiments of Longfellow et al. 37 and decay time measurements in our group.38 From the chemical timing experiments an unexpectedly low density of coupled states was found for the 6 1 }2 and 6 1 1 3 states ofC 6 H 6 at an excess energy of2370 cm -I and 3290 cm -I, respectively. Decay times of various rotational states in the 14 1 1 2 vibronic state were found to vary strongly with the rotational quantum number J. This was explained by a selective coupling to a single, strongly broadened vibronic background state in SI rather than by a coupling to many vibronic states in SI' 
